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Introduction {#sec1}
============

Endogenous glucocorticoids (GCs) modulate multiple physiological and cellular processes, including cell proliferation, metabolism, and apoptosis ([@bib22], [@bib31]). Synthetic GCs like dexamethasone (DEX) have been widely used in the treatment of hematologic malignancies, as cytotoxic agents, and in the treatment of solid tumors to prevent complications associated with cancer therapy ([@bib35]). The cellular actions of GCs are mediated by the glucocorticoid receptor (GR). Like other nuclear receptors, the GR resides in the cytoplasm, stabilized by chaperone proteins. Once bound by GCs, the GR translocates into the nucleus to regulate many target genes, either positively or negatively. Positive regulation, a mechanism known as GR-dependent transactivation (TA), entails receptor binding to GC response elements (GREs). A similarly important negative regulation is called GR-dependent transrepression (TR). This is mediated by physical interactions between GR and DNA-bound transcription factors (TFs), such as nuclear factor κB (NF-κB) ([@bib32]), Stat5 ([@bib37]), and the activator protein 1 (AP-1) ([@bib29]).

Apart from transrepression, GR can sequester specific TFs, thereby preventing their binding to the respective response elements ([@bib34]). Interestingly, the ability of GR to interfere with NF-κB and AP-1 may lead to mutual inhibition (reviewed in [@bib29]). Despite mutual antagonism, AP-1 has emerged as a key partner in GR-regulated transcription by means of enhancing GR binding to specific sites in the genome ([@bib4]). Likewise, although recruitment of GR to DNA-bound Stat3 is associated with transcriptional antagonism, the reciprocal recruitment of Stat3 to DNA-bound GR results in transcriptional synergism ([@bib20]).

Interestingly, GR maintains a crosstalk with the EGFR (epidermal growth factor receptor) pathway ([@bib21]). Upon stimulation, EGFR activates a biochemical cascade culminating in the activation of ERK, a mitogen-activated protein kinase (MAPK). In mammary cells, this translates to cell migration, but pre-treatment with DEX strongly inhibits cell migration ([@bib21]). Members of the E-twenty-six (ETS) family of TFs are downstream effectors of ERK. Because GR inhibits the EGFR-to-MAPK pathway and a previous report showed that transforming growth factor beta enhances the GC response of the mammary tumor virus promoter through GABP, an ETS factor ([@bib3]), we raised the possibility that GR physically interacts with ETS family members. By utilizing the protein-fragment complementation assay (PCA) ([@bib26]), we discovered that GR interacts with several ETS factors, including FLI1 and ERG. Importantly, gene fusions involving ERG frequently drive prostate cancer ([@bib39]). Similarly, Ewing sarcoma (ES), a common bone malignancy in children and young adolescents, is driven by fusions between EWSR1 and either *FLI1* or *ERG* ([@bib1], [@bib19]). In line with functional crosstalk, the experiments presented herein indicate that specific ETS proteins can enhance GR-mediated transcription, in analogy to the ability of AP-1 and Stat3 to augment GR-mediated transcription ([@bib4], [@bib20]). We further report that in ES animal models, a GR antagonist or a cortisol-lowering drug retarded tumor growth and metastasis. These findings offer new pharmacological strategies for the treatment of ES.

Results {#sec2}
=======

PCAs Reveal Hormone-Inducible Interactions between GR and Members of the ETS Family {#sec2.1}
-----------------------------------------------------------------------------------

Because transactivation and transrepression by GR involve complex formation with major TFs ([@bib30]), we hypothesized that ETS family factors are similarly controlled. To test this, we used PCA (reviewed in [@bib26]), which uses two inactive fragments of luciferase, which are fused to two proteins of interest. We used a previously described adaptation of the Gaussia luciferase (Gluc) assay ([@bib11]). Gluc was split into an amino-terminal fragment, Gluc1, and a carboxyl-terminal fragment, Gluc2 ([Figure 1](#fig1){ref-type="fig"}A). A library comprising seventeen ETS factors fused to Gluc1 was constructed. Likewise, Gluc2 was fused to the carboxyl terminus of GR. As a control, we fused Gluc2 to the estrogen receptor alpha (ERα), ERβ, and the mineralocorticoid receptor (MR; [Figure S1](#mmc1){ref-type="supplementary-material"}; [Table S1](#mmc1){ref-type="supplementary-material"}).Figure 1FLI1 and Ligand-Activated GRs Translocate to the Nucleus and Then Physically Interact in Living Cells(A) Schemes of the Gaussia luciferase protein, an amino-terminal segment (Gluc1) fused to an ETS factor (either ETV7 or FLI1), and a carboxyl terminal segment (Gluc2) fused to GR. Amino acid numbers and luciferase activity are indicated.(B) HEK293T cells (6 × 10^3^), pre-transfected with combinations of plasmids, Gluc1 (encoding the indicated ETS factor), and Gluc2 (fused GR), were starved overnight and thereafter treated (60 min) with vehicle or DEX (1 μM). Shown are normalized, DEX-induced fold changes in luciferase activity (means of triplicates ± SE; ^∗∗^p ≤ 0.01; ^∗∗∗^p ≤ 0.001).(C) HEK293T cells pre-transfected (in sextuplicates) with GR-Gluc2, and the indicated Gluc1-ETS plasmid was treated with vehicle, DEX (1 μM), or a combination of DEX and RU486 (1 μM each). Shown are normalized fold changes in luminescence (means ± SE). ^∗∗^p ≤ 0.01; ^∗∗∗^p ≤ 0.001; ns, not significant.(D) Pre-starved monolayers of HEK293T cells were treated with solvent (*C*), DEX, RU486, or the combination of drugs. Cell extracts were subjected to immunoprecipitation (IP) with an anti-FLI1 or a control antibody (*IgG*) and immunoblotting (IB) with an anti-GR antibody. Images are representative of three replicates.(E) HEK293T cells (6 × 10^3^) were transfected with plasmids encoding Gluc1 (fused FLI1 or ERG) and Gluc2 (fused GR), and 24 h later, they were starved overnight and treated with vehicle or DEX (1 μM) for the indicated intervals. Shown are normalized fold changes in luciferase activity. ^∗^p ≤ 0.05; ^∗∗^p ≤ 0.01 (n = 3).(F) HEK293T cells were starved overnight for serum factors and then treated with DEX (1 μM) for the indicated intervals. Thereafter, the cells were washed in saline containing Tween 20 (0.1%; PBS-T) and fixed in formaldehyde (4%). This was followed by immunofluorescence staining with 4′,6-diamidino-2-phenylindole (DAPI), along with either a fluorescein isothiocyanate (FITC)-conjugated secondary antibody or a tetramethylrhodamine (TRITC)-labeled antibody (in dark). After washing, cells were mounted, images were captured, and nuclear localization quantified by surveying 180 cells from each condition. Bars, 10 μm.(G) Starved HEK293T cells were treated with DEX (1 μM) for the indicated intervals and then sedimented prior to fractionation into cytoplasmic and nuclear fractions. Each fraction was resolved using gel electrophoresis and immunoblotting with the indicated antibodies. Images are representative of three biological repeats.

Gluc1-ETS plasmids were expressed in HEK293T cells ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Cells co-expressing GR-Gluc2 and Gluc-ETS plasmids were treated with DEX. As summarized in [Figure 1](#fig1){ref-type="fig"}B, ERG and its closest homolog, FLI1, along with PU.1 and ETV4, showed highly significant hormone-induced signals. Next, we confirmed that our protocol could detect the well-established interactions between NF-κB and GR ([Figure S1](#mmc1){ref-type="supplementary-material"}B). To validate inducibility, cells were treated with DEX or a combination of DEX and RU486, a GR antagonist. As shown in [Figure 1](#fig1){ref-type="fig"}C, RU486 inhibited DEX-induced interactions between GR and FLI1, PU.1 and ERG, but only a trend was noted with the weaker binder ETV4. To confirm physical interactions in naive cells, we carried out a co-immunoprecipitation assay ([Figure 1](#fig1){ref-type="fig"}D), which indicated that endogenous GR physically binds with FLI1.

Notably, MR is sensitive to both mineralocorticoids and GCs, whereas GR responds to GCs but displays insensitivity to mineralocorticoids. To address potential interactions between MR and ETS factors, we utilized the ability of DEX to activate MR. Similarly, we performed PCA with Gluc2 proteins fused to ERα and examined the effects of estradiol (E2). The results established differential specificity of interactions ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D). For example, DEX stimulated interactions between MR and both ETV2 and ERG, but no ETS family protein bound with ERα. Still, treatment with E2 reduced the interaction between ERα and ELF3 ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Further studies using co-transfected GR-Gluc2 and Gluc1-ERα detected a significant increase in DEX-induced luciferase activity, but treatment with E2 exerted no marked effect ([Figure S1](#mmc1){ref-type="supplementary-material"}E). This observation implies that GR undergoes ligand-induced alterations that promote GR-ERα interactions, but a similar process may not occur in response to E2. Consistent with this interpretation, it has been reported that endogenous GR physically interacts with ERα ([@bib16]). In summary, our assays discovered strong physical interactions between GR and several ETS factors, and control assays established both specificity and inducibility by hormones.

In Living Cells, FLI1 and Ligand-Activated GRs Translocate to the Nucleus to Form a Physical Complex {#sec2.2}
----------------------------------------------------------------------------------------------------

PCA performed at increasing time intervals demonstrated that GR-FLI1 interactions peaked 60 min after DEX stimulation but decayed thereafter ([Figure 1](#fig1){ref-type="fig"}E). Although ERG signals peaked earlier, the signal started decaying 30 min later. Presumably, the delayed and transient interactions are due to subcellular compartmentalization. To test this, we stained GR and FLI1 of HEK293T cells ([Figure 1](#fig1){ref-type="fig"}F) and also performed subcellular fractionation ([Figure 1](#fig1){ref-type="fig"}G). Evidently, GR translocated to the nucleus within 10 min and remained within nuclei for \>120 min. In parallel, FLI1 was basally localized to both the nuclei and cytoplasm. Ten min after stimulation with DEX, it translocated to nuclei, and 30--60 min later, it started returning to the cytosol. These observations corroborated the kinetics of protein-protein interactions determined using PCA ([Figure 1](#fig1){ref-type="fig"}E) and indicated that the GR-FLI1 interactions are inducible, transient, and confined to the nucleus.

The DBD-HR-Ligand Binding Domain (LBD) Region of GR Recognizes FLI1's FLS Domain {#sec2.3}
--------------------------------------------------------------------------------

To map domains of FLI1 and GR that are engaged upon stimulation with DEX, we constructed Gluc1-FLI1 proteins encompassing two, three, four, or all five FLI1's domains, which were co-expressed with GR-Gluc2. Subsequently, HEK293 cells co-expressing two constructs were incubated without or with DEX, and luciferase signals were determined. The PCA signals attributed hormone-induced recognition to the FLI1-specific (FLS) region of FLI1, and similar analyses indicated that the DNA binding domain (DBD), along with the flanking hinge region (HR) and ligand-binding domain of GR were essential for DEX-induced recognition of FLI1 ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Conceivably, LBD is needed for DEX binding, and the proximal DBD and HR domains provide the interface (or folding) needed for FLI1 recognition. Notably, it has been reported that the p65 subunit of NF-κB physically interacts with the DBD of GR ([@bib9]). To map hormone-independent interactions, we performed co-immunoprecipitation assays in the absence of DEX ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). In general, the results were in line with our conclusions: Gluc1-FLI1 proteins containing the FLS region retained hormone-independent binding with endogenous GR, but NTA+5′ETS lost this attribute. Similarly, a GR-Gluc2 protein comprising DBD, HR, and LBD co-precipitated the endogenous FLI1 protein, but the N-terminal domain (NTD), either alone or in combination with the DBD, only weakly recognized FLI1. Notably, although a combination of HR and LBD could not generate DEX-induced signals, this construct strongly recognized FLI1 in the absence of DEX (note weak expression of the HR+LBD construct). The addition of the DBD (DBD+HR+LBD), however, weakened FLI1 recognition. In conclusion, basal (hormone-independent) interactions between GR and FLI1 map to the unique FLS of FLI1 and they require both the HR and LBD of GR. Remarkably, the DBD of GR might inhibit basal interactions with FLI1, but it is essential for DEX-induced enhancement of FLI1 recruitment.

Hormone-Inducible Interactions between FLI1 and DNA-Bound GR Augment Transcriptional Activity of GR {#sec2.4}
---------------------------------------------------------------------------------------------------

Although the classical mode of GR transactivation involves recognition of the GRE, an alternative mode permits GR to localize to additional genomic sites through binding with other TFs ([@bib41]). To examine tethering, we adopted two reporter systems: (1) the FLI1-binding sequence (BS), and (2) a GRE-driven reporter. Along the classical model, upon co-transfection of each reporter and a plasmid encoding the respective TF, we observed dose-dependent increases in luciferase activity ([Figures 2](#fig2){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}A). Importantly, increasing the amount of FLI1 induced moderate but reproducible and dose-dependent enhancement of expression from the GRE ([Figure 2](#fig2){ref-type="fig"}B), but a reciprocal experiment, which used FLI1-BS and a GR plasmid, achieved no statistical significance ([Figure S3](#mmc1){ref-type="supplementary-material"}B). These observations raised the possibility that FLI1 can activate GRE-bound GRs, but the reciprocal interaction may not occur at the BS.Figure 2DNA Binding and Dimerization Might Be Necessary for the Ability of FLI1 to Enhance Transcription from the GRE(A--D) HEK293T cells (1.2 × 10^4^) were co-transfected with a reporter plasmid (GRE-luciferase, 2.5 μg) and increasing amounts of a GR expression vector (A), a FLI1-encoding vector (B), or with a combination of a FLI1 vector and a vector encoding GR, wild-type (C), and mutant forms (GRdim-, D). Luciferase activity was determined, in biological triplicates, 48 h later, and normalized. ^∗^p ≤ 0.05; ^∗∗∗^p ≤ 0.001.(E) HEK293T cells were co-transfected with a GRE-luciferase plasmid and the indicated amounts of a FLI1 expression vector. After 24 h, cells were starved overnight and treated for 24 h with DEX, RU486 (each at 1 μM), or with the combination. This was followed by a determination of luciferase activity in triplicates.(F) A model presenting GR dimers occupying the GRE, either before or after recruiting FLI1 proteins, which enhance the GR's transcriptional activity.

Consistent with this scenario, the co-expression of GR and FLI1 caused only a small increase in transcription from BS ([Figure S3](#mmc1){ref-type="supplementary-material"}C), but a small amount of FLI1 strongly enhanced GRE activity, especially when GR was co-transfected ([Figure 2](#fig2){ref-type="fig"}C). To support a model involving tethering of FLI1 to DNA-bound GR, we used GRdim^−^ (A458T) ([@bib33]) because mutagenesis of alanine 458 diminishes binding of GR to DNA and decreases GRE-mediated transactivation ([@bib15]). Wild-type GR increased transcription by \>90-fold, whereas ectopic GRdim^−^ showed a much weaker effect (\<4-fold) and lost responsiveness to co-transfected FLI1 ([Figure 2](#fig2){ref-type="fig"}D). This observation raised the possibility that intact DNA binding by GR might be important for the ability of FLI1 to transactivate transcription from the GRE. Next, we treated cells with DEX or RU486 to address the endogenous GR ([Figure 2](#fig2){ref-type="fig"}E): GRE activity increased by 40-fold in response to DEX and co-treatment with RU486 was inhibitory. The signal further increased when a FLI1 plasmid was introduced. In conclusion, although the reciprocal model cannot be ruled out, our results are consistent with FLI1-mediated transactivation of GR's target genes. Conceivably, the underlying mechanism entails the recruitment of FLI1 to DNA-bound dimers of GR and results in enhanced transcription from GRE sites (see [Figure 2](#fig2){ref-type="fig"}F). This mechanism is analogous to the model allowing Stat3 to cooperate with DNA-bound GR ([@bib20]).

GR Forms a Transient Complex with the Oncogenic EWS-FLI1 Fusion Protein in Nuclei of ES Cells {#sec2.5}
---------------------------------------------------------------------------------------------

Genes encoding ETS family TFs, such as FLI1 and ERG, are frequently deregulated in cancer ([@bib7]). Approximately 50% of all prostate cancers express hybrid ERG genes ([@bib39]), and replacement of the N terminus of FLI1 by the transactivation domain of the RNA-binding EWS protein characterizes most ESs ([@bib19]). Because the resulting EWS-FLI1 fusion retains the GR binding site, we hypothesized that GR and EWS-FLI1 collaborate in ESs. First, we demonstrated, using immunofluorescence and sub-cellular fractionation, time- and DEX-dependent translocation of GR to nuclei of ES cells, A673 ([Figures 3](#fig3){ref-type="fig"}A and 3B). In addition, we verified complex formation between GR and EWS-FLI1 by applying the proximity ligation assay (PLA) ([@bib36]). PLA-detected protein-protein interactions were significantly enhanced by DEX and blocked by RU486 ([Figure 3](#fig3){ref-type="fig"}C). Congruently, co-immunoprecipitation assays validated interactions between GR and EWS-FLI1 in CHLA9 cells, which express EWS-FLI1 ([Figure 4](#fig4){ref-type="fig"}A). As expected, DEX increased the amount of pulled-down fusion protein and RU486 markedly inhibited the interactions. In conclusion, in response to stimulation with DEX, the oncogenic EWS-FLI1 fusion protein forms a complex with GR in the nuclei of ES cells.Figure 3Following DEX-Induced Stimulation of Ewing Sarcoma Cells, GR and EWS-FLI1 Translocate to the Nucleus and Form a Physical Complex(A) Pre-starved A673 cells were treated with DEX (1 μM) for the indicated intervals. Cells were washed in saline containing Tween 20, fixed in formaldehyde (4%), and permeabilized. The incubation with the primary antibody was followed by an FITC-conjugated secondary antibody and DAPI (45 min in dark). Images were captured and nuclear localization quantified by surveying 180 cells from each condition. Bars, 10 μm.(B) Pre-starved A673 cells were treated with DEX (1 μM) as indicated. Cell extracts were fractionated into cytoplasmic and nuclear fractions, which were analyzed as in [Figure 1](#fig1){ref-type="fig"}F.(C) A673 cells were probed with antibodies recognizing GR, EWS, and FLI1 and processed for PLA that used a TRITC probe. Counterstaining used DAPI (blue). The squared areas (upper rows) are magnified in the bottom rows. Single antibody controls are shown in the bottom panel, and data quantification is presented in the side panels. Note that the numbers of red dots per nucleus were quantified in at least 6 non-overlapping fields of two independent experiments. ANOVA with Tukey's multiple comparison tests were used to examine statistical significance. ^∗∗^p \< 0.01; bar, 20 μm.Figure 4Ligand-Induced Activation of GR Associates with Increased Migration and Invasion of Ewing Sarcoma Cells(A) Serum-starved CHLA9 cells were treated (60 min) with vehicle, DEX (1 μM), and RU486 (1 μM). Extracts were processed for co-immunoprecipitation (IP) and immunoblotting (IB). Images are representative of 3 replicates. Signals were quantified and normalized. IgG, control rabbit antibody.(B) CHLA9 cells were transfected with either GR-specific or control-scrambled siRNAs (*si-C*). Knockdown efficiency was tested after 48 h using immunoblotting with antibodies to GR.(C and D) CHLA9 cells were seeded in Transwell migration chambers or Matrigel-coated invasion chambers. (C) Control siRNAs or siRNAs specific to GR were added 24 h prior to seeding, and both migration and invasion were measured 20 h later or, alternatively, (D) DEX (1 μM) and RU486 (1 μM) were added, and migration and invasion were assayed. ^∗^p ≤ 0.05, ^∗∗^p ≤ 0.01. Bars, 500 μm.(E) CHLA9 cells were transfected with either FLI1-specific or control siRNAs (*si-C*), and knockdown efficiency was tested 48 h later.(F) CHLA9 cells were treated with siRNAs as in (E). Twenty-four h later, cells were seeded in Transwell migration chambers and incubated for 20 h with DEX. Thereafter, cell migration was quantified. ^∗^p ≤ 0.05. Bars, 500 μm.(G) Plates were pre-coated with fibronectin, and then CHLA9 cells (pre-transfected with si-GR or si-C) were seeded and allowed to attach for 90 min. Adherent cells were stained and optical density (550 nm) was quantified in triplicates. ^∗^p \< 0.05.(H) A673 cells were incubated for 24 h with either DEX or RU486 and thereafter fixed and stained with DAPI and phalloidin. Bar, 10 μm.(I) CHLA9 cells were transfected with vectors encoding GR, GRdim^−^ (A458T), or they were un-transfected (UT). Twenty-four h later, we assayed migration and invasion. Signal quantification (means ± SD) and representative fields are presented. ^∗^p ≤ 0.05; ^∗∗∗^p ≤ 0.001. Bars, 500 μm (migration) or 100 μm (invasion).

Activation of GR Increases Migration and Invasion of ES Cells {#sec2.6}
-------------------------------------------------------------

EWS-FLI1 might regulate the cytoskeleton and control TEAD- and YAP-regulated genes ([@bib17]), thereby inducing proliferation and migration of ES ([@bib8]). Because cell migration can reflect the interaction between GR and EWS-FLI1, we downregulated GR in CHLA9 cells ([Figure 4](#fig4){ref-type="fig"}B) and confirmed reduced migration and matrix invasion ([Figure 4](#fig4){ref-type="fig"}C). Similarly, pre-treatment with DEX enhanced and RU486 blocked the motility effects ([Figure 4](#fig4){ref-type="fig"}D). These effects were confirmed using another Ewing cell line, RD-ES: co-immunoprecipitation confirmed inducible interactions between GR and EWS-FLI1 ([Figure S4](#mmc1){ref-type="supplementary-material"}A), immunoblotting established siRNA-mediated silencing of GR ([Figure S4](#mmc1){ref-type="supplementary-material"}B), and migration and invasion assays ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D) duplicated the observations made with CHLA9 cells. In line with functionality, co-treatment of CHLA9 cells with DEX and DO6, a nonsteroidal GR antagonist, inhibited motility ([Figure S4](#mmc1){ref-type="supplementary-material"}E). As a complementary approach, we reduced FLI1 in A673 cells. RNA sequencing confirmed marked effects on a large number of genes involved in growth factor signaling, cell adhesion, and inflammation ([Figure S3](#mmc1){ref-type="supplementary-material"}D; see [Table S3](#mmc1){ref-type="supplementary-material"}). In line with this, when tested in CHLA9 cells, the small interfering RNAs (siRNAs) strongly depleted EWS-FLI1 ([Figure 4](#fig4){ref-type="fig"}E) and reduced basal and DEX-induced cell migration ([Figure 4](#fig4){ref-type="fig"}F).

Focal adhesion and extracellular matrix proteins are regulated by EWS/FLI1 ([@bib6]). Accordingly, GR depletion increased both the adhesion of CHLA9 cells to fibronectin ([Figure 4](#fig4){ref-type="fig"}G) and the adhesion of two other cell lines, namely, RD-ES and TC-71, to collagen-rich membranes ([Figure S4](#mmc1){ref-type="supplementary-material"}F). Remarkably, when A673 cells were pretreated with DEX, we observed an abundance of actin stress fibers, in contrast to the mostly cortical actin observed with RU486-treated cells ([Figure 4](#fig4){ref-type="fig"}H). Consistent with the transactivation model, overexpression of GR increased migration and invasion of CHLA9 cells, but GRdim^−^ was less effective ([Figure 4](#fig4){ref-type="fig"}I). In summary, our data are consistent with the following scenario: EWS-FLI1 physically binds with GRs and enhances the transcription of genes able to reduce matrix adhesion, while enhancing the expression of motility genes.

Co-expression of the Interacting Domains of GR and FLI1 Augments Features of Malignancy {#sec2.7}
---------------------------------------------------------------------------------------

To directly link the uncovered GR-to-FLI1 interaction and malignancy, we ectopically expressed in A673 cells the domain mutants presented in [Figure S2](#mmc1){ref-type="supplementary-material"}. As expected, full-length GR and FLI1 strongly increased cell migration, transformed cortical actin into stress fibers, and increased incorporation of radioactive thymidine into DNA (the latter was inhibited by RU486; [Figures S4](#mmc1){ref-type="supplementary-material"}G--S4J). Consistent with the PCA results, which mapped the FLI1 binding site to GR's DBD+HR+LBD, a mutant containing all three domains displayed as strong activity as full-length GR, whereas mutants unable to bind with FLI1 (i.e., NTD, NTD+DBD, and HR+LBD) displayed reduced activities. Similarly, in line with GR's binding to the FLI1's FLS, the deletion mutant NTA+5′ETS+FLS+3′ETS retained all three activities, but shorter mutants (i.e., NTA+5′ETS+FLS and NTA+5′ETS) partially and fully (respectively) lost all three attributes. In the next step, we co-expressed GR and FLI1, along with physically interacting mutants, and challenged cells with RU486. As predicted by our model, co-expressing full-length GR and FLI1 strongly increased migration and stress fiber formation, and both activities were blocked by RU486 ([Figures S4](#mmc1){ref-type="supplementary-material"}K and S4L). Likewise, the combination of GR and the interacting domains of FLI1 were comparably active, and the reciprocal combination (full-length FLI1 combined with GR's DBD+HR+LBD) was both active and inhibitable by RU486. Finally, combining only the interacting portion of GR (DBD+HR+LBD) and the interacting region of FLI1 (NTA+5′ETS+FLS+3′ETS) exerted similarly strong signals, which were abolished by RU486 but only weakly enhanced by DEX. Taken together, by co-expressing the interacting domains of GR and FLI1, we inferred that features of malignancy of ES cells are closely related to the uncovered physical interaction between these pivotal TFs.

Activation of GR Increases Proliferation and Inhibits Apoptosis of ES Cells {#sec2.8}
---------------------------------------------------------------------------

Apparently, EWS-FLI1 promotes cell cycle progression and inhibits apoptosis ([@bib8], [@bib38]). Hence, we assayed the conversion, by mitochondria, of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to an insoluble formazan. In line with the proposed molecular collaboration, RU486 and DO6 induced a dose-dependent reduction in the survival of three different ES cell lines ([Figures 5](#fig5){ref-type="fig"}A and 5B). Next, we concentrated on A673 cells and depleted FLI1 ([Figure 5](#fig5){ref-type="fig"}C). MTT assays confirmed that EWS-FLI1 knockdown reduced cell survival. Consistently, RU486 reduced the fraction of metabolically active cells, but this effect was diminished when the antagonist was combined with the siRNA ([Figure 5](#fig5){ref-type="fig"}D). Interestingly, although treatment with DEX almost eliminated the fraction of cells undergoing early apoptosis, RU486 enhanced late apoptosis ([Figure 5](#fig5){ref-type="fig"}E), indicating that GRs support cell growth and/or survival. This conclusion was supported by several colony formation assays ([Figure 5](#fig5){ref-type="fig"}F). In summary, GR effectively collaborates with EWS-FLI1 by means of supporting cell proliferation, overcoming apoptosis, and promoting various attributes of motile cells.Figure 5Inhibition of GR Decreases Growth and Survival of Ewing Sarcoma Cells(A) Cell viability assays applied the MTT method on three Ewing sarcoma lines (CHLA9, A673, and RD-ES), which were treated for 24 h with increasing concentrations of RU486.(B) Increasing concentrations of DO6, a non-steroidal GR antagonist, were incubated with A673 cells as in (A), and an MTT assay was performed in triplicates. ^∗^p \< 0.05.(C) A673 cells were transfected with either FLI1-specific or control-scrambled siRNAs (*si-C*). EWS-FLI1 knockdown efficiency was tested after 48 h using immunoblotting.(D) FLI1-silenced A673 cells (8 × 10^3^) were seeded in 96-well plates and treated with either vehicle or RU486 (10 μM). MTT assays were performed after 48 h in quadruplets. ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.(E) A673 cells were seeded in 100-mm dishes. Thereafter, cells were treated for 48 h with DEX (1 μM), RU486 (10 or 20 μM), or the combination. Shown are results of an apoptosis assay performed using an annexin V/7-AAD kit (BioLegend). Quantification of the fractions of early and late apoptotic cells is shown. The experiment was repeated twice.(F) The indicated cells were sparsely seeded in 6-well plates. Cells were later treated every other day with either vehicle, DEX (1 μM), RU486 (10 μM), or the combination. Ten days later, cells were fixed and stained with crystal violet. Photos are shown along with bar plots presenting the quantification of colonies in 5 non-overlapping microscope fields. The experiment was repeated twice. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.

Cortisol Lowering and Treatments with an Antagonist of GR Inhibit ES Xenografts Driven by Either EWS-FLI1 or the Respective ERG Fusion Protein {#sec2.9}
----------------------------------------------------------------------------------------------------------------------------------------------

Next, we asked whether the clinically approved GR agonist (DEX) and antagonist (RU486) can modify tumorigenesis in animal models. Hence, once RD-ES tumors that were pre-implanted in mice became palpable, animals were treated with DEX or RU486. Unlike mice treated with DEX, tumor growth was significantly slower in animals treated with RU486 ([Figure 6](#fig6){ref-type="fig"}A). In line with GR-supported tumorigenesis, staining with an antibody to KI67, a proliferation marker, indicated relatively slow rates of cell division in RU486-treated tumors ([Figure 6](#fig6){ref-type="fig"}B). Immunoblots of extracts prepared from three tumors of each group are shown in [Figure S5](#mmc1){ref-type="supplementary-material"}A. Despite inter-animal variation, two inhibitors of the cell cycle, p21 and p27, displayed increased abundance in RU486-treated tumors, which also displayed upregulation of the larger isoform of BIM, an initiator of apoptosis. Although we could not detect uniform activation of caspase 3, the data implied that the upstream AKT survival pathway was inhibited by RU-486. Because BIM links apoptosis to autophagy ([@bib24]), we probed for LC3, an autophagy marker, and observed an increased abundance of LC3B-I in RU486-treated tumors ([Figure S5](#mmc1){ref-type="supplementary-material"}A). In conclusion, RU486 inhibits the proliferation of ES tumors, likely through a caspase 3 independent pathway that harnesses both apoptosis and autophagy.Figure 6A GR Antagonist and a Cortisol-Lowering Drug Impede Growth of Xenograft Models of Ewing Sarcoma(A) RD-ES cells (2 × 10^6^) were implanted subcutaneously in the flanks of SCID mice. Once tumors reached 150 mm^3^, animals were randomized into three groups (n = 10) that were daily treated intraperitoneally with vehicle, DEX (1 mg/kg), or RU486 (1 mg/kg) and tumorigenic growth was monitored. The means of tumor volumes (+SEM) are shown. Statistical analysis of tumor volumes (day 12) is indicated (RU486 group versus DEX or vehicle).(B) Representative images of immunofluorescent KI67 staining in paraffin-embedded tumor sections from (A). Scale bars, 100 μm. The scatterplot depicts quantification of KI67 staining in 4 fields of a representative tumor from each group.(C and D) A673 cells (2 × 10^6^) were implanted in female SCID mice. Once tumors reached 150 mm^3^, animals were randomized into two groups (n = 9). Each group was daily treated with either vehicle or metyrapone (25 mg/kg).(C) Actual tumor volumes (±SEM) are presented.(D) Also shown are tumors harvested from each group of animals; ^∗∗∗^p \< 0.001.(E and F) STA-ET-11 cells (2 × 10^6^) were implanted subcutaneously in SCID mice. Once tumors reached 150 mm^3^, animals were randomized into three groups (5 mice per group), which were daily treated intraperitoneally with vehicle, DEX (1 mg/kg), or RU486 (1 mg/kg). (E) The means of tumor volumes (+SEM) are shown along with (F) statistical analysis of tumor volumes measured on day 73.

Assuming that murine cortisol activates GR in xenografts, we tested the effect of cortisol lowering on another ES model, A673. Cells were implanted in severe combined immunodeficiency (SCID) mice and later treated with metyrapone, a clinically approved inhibitor of 11β-hydroxylase, a steroidogenesis enzyme. As expected, a statistically significant decrease in tumor growth rates was associated with the lowered levels of cortisol ([Figures 6](#fig6){ref-type="fig"}C and 6D). An analyses of tumor extracts revealed metyrapone-induced effects on BIM~EL~ and LC3B-I, along with elevated γH2AX ([Figure S5](#mmc1){ref-type="supplementary-material"}B). Taken together, our results support a scenario attributing to the hormone-activated form of GR an ability to enhance tumorigenicity of ES.

Predictably, in similarity to EWS-FLI1 expressing tumors, blocking GR might inhibit ES models driven by the EWS-ERG fusion protein. Hence, we tested the STA-ET-11 animal model, which is driven by EWS-ERG. Mice bearing STA-ET-11 tumors were treated with RU486 or with DEX, and tumor volume was monitored for 3 months. The results presented in [Figures 6](#fig6){ref-type="fig"}E and 6F are consistent with a model attributing to GR the ability to accelerate the progression of ES: DEX enhanced tumor progression and RU486 significantly decelerated rates of tumor growth. In conclusion, reduced levels of circulating cortisol or blocking GR can inhibit tumor growth in three different animal models of ES.

Inactivation of GR Impedes Bone-to-Lung Metastasis in ES Animal Models {#sec2.10}
----------------------------------------------------------------------

Unlike ES patients presenting localized disease at diagnosis, whose 5-year survival rates approach 70%, patients with metastatic disease have dismal outcomes with 5-year survival rates of 15%--25% ([@bib23]). Because our tests implied that the GR-to-FLI1 interaction controls motility, and both detachment from bone and dissemination of tumor cells are regulated by EWS-FLI1 ([@bib5]), we examined metastasis in animal models. TC-71 cells pre-engineered to express luciferase were injected into the tibia of SCID mice, which were later treated intraperitoneally with either DEX or RU486. [Figures 7](#fig7){ref-type="fig"}A and 7B show whole lungs from representative animals from each group, along with quantified signals from all mice. This analysis indicated that GR activation associated with enhanced bone-to-lung metastasis, whereas blocking GR correlated with fewer lung nodules.Figure 7Pharmacological or Genetic (Inducible) Inhibition of GR Retards Metastasis of Ewing Sarcoma Models(A and B) Luciferase expressing TC-71 cells (10^6^) were injected into the tibia of female SCID mice (5 weeks old; 7 mice per group). One week later, mice were treated intraperitoneally with DEX or RU486 (1 mg/kg, each). When each tumor reached 10% of body weight, the lungs were excised and examined for metastasis by using bioluminescence imaging. (A) Shown are whole lungs from representative animals and (B) luminescence quantified and presented in a bar graph. ^∗∗^p ≤ 0.01. The vertical color bar shows level of luminescence.(C) TC-71 cells were transduced with inducible lentiviral shRNAs specific for GR (from Dharmacon). Two stable cell variants were selected and named inducible sh1 (iSH1) and iSH2. To initiate GR knockdown, cells were grown for 24, 48, or 72 h in culture medium supplemented with doxycycline (1 μg/ml). GR levels were determined using immunoblotting. The abundance of GR, relative to GAPDH, is indicated below each lane. UI, un-induced cells.(D) Sub-clones iSH1 and iSH2 of TC-71 cells were treated for 48 h with doxycycline (1 μg/ml) and then seeded in Transwell migration chambers. Following 20 h of incubation, cells that reached the lower faces of the chambers were fixed and stained. Shown are representative images of cells that migrated. The bar plots show quantification of areas covered by the cells using ImageJ. ^∗^p \< 0.05 (duplicates). Bars, 500 μm.(E) Two sub-clones of TC-71 cells (10^6^ cells), which stably express GR-specific inducible shRNAs, were injected into the tibia of 5-week-old female SCID mice (10 mice per group). Once tumors reached 150 mm^3^, mice were randomly divided into two groups: 4 mice of each group were daily treated (oral gavage) with either saline (un-induced group) or doxycycline (induced group). When each primary tumor reached 10% of body weight, the respective lungs were excised and analyzed for metastasis by using bioluminescence imaging. Shown are whole-lung images corresponding to each mouse in the end of the experiment. The average radiance (photons/s/cm^2^/sr) is shown for each group.

Next, we used inducible lentiviral short hairpin RNAs (shRNAs) specific to GR. Two different shRNAs were used, namely, inducible sh1 (iSH1) and iSH2. When the corresponding sub-lines of TC-71 were grown in medium supplemented with the inducer doxycycline (DOX), we observed decreases in GR expression ([Figure 7](#fig7){ref-type="fig"}C) and lower migration ([Figure 7](#fig7){ref-type="fig"}D). Hence, both sub-clones were implanted in the tibia of SCID mice. Once tumors reached a pre-determined volume, mice were treated with either saline or DOX (induced group). When the primary tumor reached 10% of body weight, lungs were analyzed for metastasis. The results presented in [Figure 7](#fig7){ref-type="fig"}E indicated that both iSH clones partially lost the ability to dissociate from bones and colonize lungs. Conceivably, GR is essential for the dissemination of metastases, which is in line with a model attributing to EWS-FLI1 the ability to collaborate with GR.

Unlike EWS-ERG-Expressing Cells, Colony-Forming and Migration Abilities of ES Cells Expressing EWS-FEV Are Not Regulated by GR {#sec2.11}
------------------------------------------------------------------------------------------------------------------------------

To directly tie GR to the oncogenic functions of EWS-ETS fusion proteins, we referred to rare Ewing family tumors (EFTs). In addition to EWS-FLI1 and EWS-ERG fusions, which act as transcriptional activators and bind with GR, EFTs include rare cases with fusions of EWS to other ETS family genes. We focused on the FEV transcriptional repressor, which is rarely fused to EWS. The PCA data we generated using Gluc1-FEV indicated that FEV, like ETV6, cannot form physical complexes with GR ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Hence, we obtained STA-ET-10 cells (driven by EWS-FEV), which very weakly give rise to tumors in animals. These cells were compared, *in vitro*, to STA-ET-11 cells, which are driven by EWS-ERG. As shown in [Figures S6](#mmc1){ref-type="supplementary-material"}B--S6D, STA-ET-11 cells were partly inhibited by RU486, but no inhibition of STA-ET-10 cells could be detected. Similarly, both colony-forming and migratory activities of STA-ET-11 cells were enhanced or inhibited (respectively) following treatment with DEX or RU486, but no effects were detectable in STA-ET-10 cells. Cell survival assays indicated that STA-ET-10 cultures underwent more spontaneous apoptosis than STA-ET-11 cells ([Figure S6](#mmc1){ref-type="supplementary-material"}E). In addition, these experiments confirmed that RU486 exerted no effects on STA-ET-10 cells, unlike STA-ET-11 cells, which were inhibited by the antagonist. In conclusion, our results link the ability of GR to form physical complexes with ETS fusions to the capacity of a GR antagonist to inhibit several attributes of malignancy.

In summary, by using four different *EWS-ETS*-driven models and examining tumor growth and metastasis, we obtained evidence that strongly associates GR with the progression of ES. Mechanistically, these observations can be explained by the uncovered hormone-dependent physical interaction between GR and FLI1 and the ability of the respective TF complex to enhance transcription from the GC response element. According to our model, when activated by a ligand, GR translocates to the nucleus and forms a complex with EWS-ETS, thereby gaining an augmented ability to alter the transcription of anti- or pro-tumorigenic genes. Beyond the exact molecular mechanisms, our study offers a re-purposing of GR-specific antagonists and cortisol-lowering drugs for the treatment of ES patients.

Discussion {#sec3}
==========

Unlike several other nuclear receptors, the roles for GR in malignancy are not uniform. For instance, GCs have been extensively used in prostate cancer to offset toxicities of chemotherapy and to suppress androgen synthesis ([@bib27]). Nevertheless, GCs may promote rather than suppress prostate cancer because GR and AR (androgen receptor) partly share transcriptional programs. Congruently, the overexpression of GR drives resistance to an AR antagonist ([@bib2]). Understanding GR's action in blood-borne cancer might be simpler: GR mediates extensive apoptosis in leukemia and lymphoma. By discovering and studying strong GR-FLI1 physical interactions, we attribute to EWS-FLI1 an ability to enhance GR's transcriptional actions and augment ES growth and metastasis. Several lines of previous evidence support the inferred GR-ETS crosstalk: accumulation of PU.1 regulates GC's effects during erythrocyte differentiation ([@bib10]), DEX-mediated transcription of cytochrome P-450c27 involves synergy with ETS2 ([@bib28]), and another ETS factor, GABPA, influences the responses of a viral promoter to GCs ([@bib3]).

FLI1 and other ETS family members serve as ultimate effectors of the MAPK pathway. Mutant forms of the upstream components, such as RAS and RAF, are frequently detected in tumors. According to our results, GR gains enhanced transcriptional activity upon binding with FLI1, independent of the phosphorylation status of the MAPK pathway. It is notable that this pathway regulates both proliferation and cellular migration, and it has been proposed that both outcomes are regulated in ES by the abundance of EWS-FLI1: high levels promote proliferation and fluctuating low levels drive migration ([@bib8]). According to another report, the cell-to-cell heterogeneity in expression levels may reprogram the cytoskeleton ([@bib17]). In view of the circadian oscillations of GC levels and the herein reported hormone-dependent interactions between GR and EWS-FLI1, it might be speculated that alternate phases of growth and metastasis contribute to ES aggressiveness. Whether the interactions between GR and ERG contribute to aggressiveness of prostate tumors harboring rearranged ERG genes ([@bib39], [@bib40]) is a matter for future research.

Similar to the inferred collaboration between EWS-FLI1 and DNA-bound GR, previous studies identified other mechanisms of GR cooperation. For example, cooperative binding of AP-1 and ETS factors to tandem binding sites supports transformation by EWS-ETS ([@bib18]). Mechanistically, AP-1 serves as a pioneer factor that enhances GR binding to select genomic regions ([@bib4]). In line with this, AP-1 ablation impaired GR-mediated regulation of nearly 50% of the target genes. Similarly, recruitment of GR to DNA-bound Stat3 associates with *trans*-repression, but recruitment of Stat3 to DNA-bound GR drives transcriptional synergy ([@bib20]). In analogy, EWS-FLI1 might regulate the transcription of a large fraction of GR-regulated genes involved in tumor progression.

Unlike localized forms of ES, patients with metastatic disease have dismal prognosis. Current research efforts have focused on identifying sensitizers of chemotherapy ([@bib12]), along with targeting cell surface receptors and histone deacetylases ([@bib1], [@bib25]). We offer an alternative strategy that takes advantage of the well-understood pharmacology of GR. Specifically, we tested two strategies, corticosterone lowering using metyrapone and GR antagonism. The latter used RU486 (mifepristone), a clinically approved steroidal antagonist. In light of our findings, the newly developed selective GR modulators (i.e., selective GC receptor modulators \[SGRMs\] without AR or progesterone receptor \[PR\] cross-reactivity) ([@bib13]) and mild corticosterone-lowering drugs might inhibit ES by means of preventing the ability of EWS-FLI1 to synergize with GR.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Rabbit monoclonal anti-FLI1 (immunoblotting)AbcamCat\# Ab133485, RRID:[AB_2722650](nif-antibody:AB_2722650){#intref0010}Rabbit polyclonal anti-FLI1 (immunofluorescence)Santa Cruz BiotechnologyCat\# SC356; RRID:[AB_2106116](nif-antibody:AB_2106116){#intref0015}Mouse monoclonal anti-GRSanta Cruz BiotechnologyCat\# sc-393232 RRID:[AB_2687823](nif-antibody:AB_2687823){#intref0020}Rabbit polyclonal anti-GRSanta Cruz BiotechnologyCat\# sc-8992 RRID:[AB_2155784](nif-antibody:AB_2155784){#intref0025}Mouse monoclonal IgG~1~ anti-EWSSanta Cruz BiotechnologyCat\# sc-28327, RRID:[AB_675526](nif-antibody:AB_675526){#intref0030}Mouse monoclonal anti-p27 Kip1Cell Signaling TechnologyCat\# 3698S, RRID:[AB_2077832](nif-antibody:AB_2077832){#intref0035}Rabbit monoclonal anti-p16AbcamCat\# ab108349, RRID:[AB_10858268](nif-antibody:AB_10858268){#intref0040}Rabbit polyclonal anti-γH2AX (Ser139)Cell Signaling TechnologyCat\# 2577S, RRID:[AB_2118010](nif-antibody:AB_2118010){#intref0045}Mouse monoclonal anti-GAPDHMerckCat\# MAB374, RRID:[AB_2107445](nif-antibody:AB_2107445){#intref0050}Anti-Ki67 antibodyAbcamCat\# ab16667, RRID:[AB_302459](nif-antibody:AB_302459){#intref0055}Rabbit polyconal anti-Gaussia-luciferaseNanolight TechnologyCat \# 401P, RRID:[AB_2572411](nif-antibody:AB_2572411){#intref0060}**Chemicals, Peptides, and Recombinant Proteins**DexamethasoneSigma-AldrichCat\# D4902-25MGRU486Sigma-AldrichCat\# M8046-100MGMetyraponeSigma-AldrichCat\# M2696-50MGCoelentrazineNanolight TechnologyCat\# 303SYBR Green PCR Master MixThermo Fisher ScientificCat\# 4309155Cultrex® RGF BMER&D SystemCat\# 3433-005-02ITS-GInvitrogenCat\# 41400045PhalloidinSigma-AldrichCat\# P1951^3^\[H\]-thymidinePerkin Elmer, USACat\# NET027Z001MC**Critical Commercial Assays**FITC Annexin V Apoptosis Detection Kit IBD PharMingen™Cat\# 556547Dual-Luciferase® Reporter Assay SystemPromegaCat\# E1910Duo link *in situ* detection kitSigma-AldrichDUO92008High-Capacity cDNA Reverse Transcription KitThermo Fisher ScientificCat\# 4368814Dynabeads mRNA DIRECT Purification KitThermo Fisher ScientificCat\# 61011**Deposited Data**Raw and processed RNA sequencing dataThis PaperGEO: [GSE135229](ncbi-geo:GSE135229){#intref0065}**Experimental Models: Cell Lines**Human: RD-ESATCCCat\# HTB-166, RRID:CVCL_2169Human: A673ATCCCat\# CRL-7910, RRID:CVCL_0080Human: HEK293TATCCCRL-3216, RRID:CVCL_0063Human: CHLA9Gift from Prof. Heinrich Kovar, Children's Cancer Research Institute, ViennaN/AHuman: STA-ET-11Gift from Prof. Peter F. Ambros, Children's Cancer Research Institute, ViennaN/AHuman: STA-ET-10Gift from Prof. Peter F. Ambros, Children's Cancer Research Institute, ViennaN/AHuman: TC-71Gift from Jaffrey Toretsky, Georgetown University, USAN/A**Experimental Models: Organisms/Strains**Mice: CB17/*SCID* femaleEnvigo IsraelN/A**Oligonucleotides**Primers for cloning in [Table S2](#mmc1){ref-type="supplementary-material"}This PaperN/AsiRNA-GRDharmaconON-Target SMART oligonucleotides L-003424-00-0005siRNA-FLI1DharmaconsiGENOME Human/Mouse/Rat SMARTpool M-003892-00-0005Human Inducible Lentiviral shRNA for GRDharmaconCat \# V3SH11255**Recombinant DNA**ETS-Gluc1 fusion plasmidsThis paperN/AGluc2-plasmidsThis paperN/ADomains of GR and FLI1 plasmidsThis paperN/AGRE-luciferase plasmidGift from Prof. Anne Gompel, Paris Descartes UniversityN/AFLI1 expression vector and FLI1-BS-luciferase plasmidGift from Prof. Yaacov Den-David, Chinese Academy of Sciences, Guizhou.N/AGR expression vector and GRdim mutant plasmidGift from Prof. Andrew Cato, Karlsruhe Institute of Technology, GermanyN/A**Software and Algorithms**ImageJNational Institutes of Health, Bethesda, USA<https://imagej.nih.gov/ij/>Prism 6Graph pad<https://www.graphpad.com/scientific-software/prism/>BD FACS Diva software v8.0.1BD Biosciences<http://www.bdbiosciences.com/us/instruments/research/software/flow-cytometry-acquisition/bd-facsdiva-software/m/111112/features>

Lead Contact and Materials Availability {#sec4.2}
---------------------------------------

Further information and requests for resources and reagents should be directed to the Lead Contact, Yosef Yarden (<yosef.yarden@weizmann.ac.il>).

Note: This study did not generate new unique reagents.

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### Cell Lines {#sec4.3.1}

Human embryonic kidney cells, HEK293T, and A673 cells (sex: female) were cultured in DME medium supplemented with fetal bovine serum (10%; FBS). RD-ES cells (sex: male) and TC-71 cells (sex: male) were grown in RPMI supplemented by 15% or 10% FBS, respectively. CHLA9 cells (sex: female) were grown in IMDM supplemented by 20% FBS and a mixture of insulin, transferrin, and selenium. STA-ET-10 cells (sex: female) and STA-ET-11 cells (sex: male) were grown in RPMI supplemented with glutamax and 10% FBS.

### Mice {#sec4.3.2}

All animal experiments were approved by the Weizmann Institute's Animal Care and Use Committee. CB17/*SCID* female mice (5-6 weeks old) were injected subcutaneously into the right dorsal flank with 2.5 million RD-ES, STA-ET-11 or A673 cells in a 0.1 mL suspension in saline. Tumor volume (*V*/mm^3^) was estimated using vernier caliper measurements of the longest axis, α/mm, and the perpendicular axis, *b*/mm. Tumor volume was calculated in accordance with the equation *V* = (4π/3) x (α/2)^2^ x (*b*/2). When the volume of xenografts reached approximately 150 mm^3^, mice were randomized into groups and treatments initiated. Animals were intraperitoneally treated once per day with DEX, RU486 (both at 1 mg/kg), or metyrapone (25 mg/kg). They were euthanized when tumor size reached 800-900 mm^3^. For metastasis, mice were anesthetized with ketamine and xylazine. Once animals were fully sedated, we injected into the intratibial (i.t.) region TC-71 cells (2X10^6^) stably expressing GR-specific inducible shRNAs. When tumors reached 100 mm^3^, mice were randomly divided into two groups, which received (by oral gavage) sterile water, without or with doxycycline (1 mg/ml), until tumor size in the control group reached 10% of body weight. After mice were sacrificed, lungs were extracted and analyzed for metastases using IVIS.

Note: The source and identifier of all the plasmids, cell lines, and mice are listed in the [Key Resources Table](#sec4.1){ref-type="sec"}.

Method Details {#sec4.4}
--------------

### Protein Complementation Assays (PCA) {#sec4.4.1}

PCA was performed as previously described ([@bib11]). Briefly, HEK293 cells were reverse transfected in white 96-well tissue culture plates with Gluc-1 and Gluc-2 plasmids (25 ng, each) using the JetPEI reagent. Cells were starved and treated with dexamethasone (1 μM) for 60 minutes, followed by cell lysis and determination of luminescence signals.

### Luciferase-Reporter Assay {#sec4.4.2}

Cells were co-transfected with a luciferase plasmid containing the consensus glucocorticoid response element (GRE). Additionally, the pGL3-Control vector encoding Renilla luciferase (Promega, Madison, WI) was transfected as a control for transfection efficiency. Luciferase activity was determined using the dual-luciferase reporter assay system, according to the manufacturer's instructions (Promega). Firefly luciferase luminescence values were normalized to Renilla luminescence and quantified relative to control.

### Cell Migration and Invasion Assays {#sec4.4.3}

Cells (5X10^4^) were plated in the upper compartment of a 24-well Transwell tray (Corning, Acton, MA). Thereafter, the medium in the lower compartment of the chamber was supplemented with the indicated agents and cells were allowed to migrate for 16 hours at 37°C through the intervening nitrocellulose membrane (8 μm pore size). The filter was later removed and attached cells were fixed for 15 minutes in saline containing paraformaldehyde (3%). Staining with crystal violet followed this step. Cells growing on the upper side of the filter were scraped using a cotton swab; cells located on the bottom side were photographed and counted. Similarly, cell invasion assays were performed using BioCoat Matrigel Invasion Chambers (BD Bioscience, Franklin Lakes, NJ).

### Nuclear and Cytoplasmic Fractionation {#sec4.4.4}

Cell pellets were lysed in 0.1 mL cytoplasmic lysis buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT and 0.5% NP-40). The cytoplasmic fraction was collected using centrifugation (600 g for 5 minutes). Nuclei were washed and resuspended in nuclear lysis buffer (50 μl; 20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EGTA, 1 mM EDTA, 1mM DTT) by repeated freezing and thawing. Supernatants containing the nuclear fraction were collected by centrifugation at 12,000 rpm for 20 minutes.

### Cell Lysis, Immunoblotting, and Co-immunoprecipitation Assays {#sec4.4.5}

Cell lysates were collected in a mild lysis buffer (50 mM HEPES, pH 7.5, 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 10 mM NaF and 30 mM β-glycerol phosphate). Proteins were immunoprecipitated from cell lysates using beads conjugated to an antibody. After 2 hours of incubation at 4°C, complexes were washed three times and bound proteins were eluted in 6X Laemmli buffer. Eluates were subjected to electrophoresis and immunoblotting. For immunoblotting, cleared cell lysates were resolved using electrophoresis, followed by electrophoretic transfer to a nitrocellulose membrane. Membranes were blocked with TBS-T (tris-buffered saline containing Tween-20) containing 1% low-fat milk, blotted overnight with a primary antibody, washed three times with TBS-T, incubated for 30 minutes with a secondary antibody linked to horseradish peroxidase, and washed once again with TBS-T. Immunoreactive bands were detected using the ECL reagent (Biorad).

### RNA Isolation and Real-Time PCR Analysis {#sec4.4.6}

Total RNA was extracted using the PerfectPure RNA Cultured Cell Kit (5-prime, Hamburg) according to the manufacturer's instructions. Total RNA quantity and quality were determined using the NanoDrop ND-1000 spectrophotometer (Thermo Fischer Scientific, Waltham, MA). Complementary DNA was synthesized using the High Capacity Reverse Transcription kit (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). Real-time qPCR analysis was performed with SYBR Green (Applied Biosystems) and specific primers on the StepOne Plus Real-Time PCR system (Applied Biosystems). qPCR signals (cT) were normalized to beta2-microglobulin (B2M).

### Nucleotide Sequencing of RNA {#sec4.4.7}

RNA was isolated using Dynabeads mRNA Direct Kit (Thermo Fisher Scientific). NGS libraries were prepared using a modified version of Transeq, as described ([@bib14]). In brief, RNA was barcoded and reverse-transcribed using poly-T primers, followed by addition of exonuclease to remove excess RT--PCR primers. Next, the single-stranded cDNA was converted to a double-stranded DNA. The template DNA was then removed using DNase, and the generated RNA was fragmented and ligated to barcoded Illumina adapters. Reverse transcription of this ligation product was performed using primers specific for the Illumina adapters, and libraries of the resulting cDNA were generated and enriched by performing 12--15 PCR cycles. RNA-seq libraries (pooled at equimolar concentrations) were sequenced on an Illumina NextSeq 500 at a median sequencing depth of ∼10 million reads per sample. Sequences were mapped to the human genome, demultiplexed, and filtered.

### Immunofluorescence Analyses {#sec4.4.8}

Formalin-fixed tumor sections were de-paraffinized and rehydrated. Antigen retrieval was performed in a microwave oven using a citric acid solution (pH 9.0). Slides were blocked in saline containing 20% horse serum, followed by treatment (15 minutes) with a blocking solution, and an overnight incubation with the primary antibody. Thereafter, sections were incubated for 90 minutes with a biotinylated secondary antibody, followed by a Cy3-conjugated Streptavidin. Finally, each slide was examined using a fluorescence microscope. KI67-positive cells were counted using the Image Pro Plus software. To determine localization in cultured cells, cells were washed in saline containing Tween 20 (0.1%; w/v; PBS-T) and fixed in formaldehyde (4%). Next, cells were washed and permeabilized (in saline with 0.1% Triton X-100). Blocking was carried out for 30 minutes using fetal bovine serum (2%; FBS), followed by an incubation with a primary antibody in PBS-T containing FBS (1%). This was followed by FITC-conjugated secondary antibody and DAPI (in dark).

### Proximity Ligation Assay (PLA) {#sec4.4.9}

A673 cells were serum starved for 16 hours followed by a 60 min stimulus with dexamethasone (1μM) or RU486 (1μM), as indicated. Cells were then fixed with PFA (4%) for 15 minutes, washed with PBS, permeabilized with PBS/Triton X-100 (0.01%) for 15 minutes and hybridized with primary antibodies against FLI1 (1:50) and GR (1:50; overnight). Next, the cells were incubated with secondary antibodies against Rabbit PLUS (DUO92002) and against Mouse MINUS (DUO92002) and processed using the Duolink *In Situ* Detection Kit (red) containing a tetramethylrhodamine-5-isothiocyanate probe (Sigma-Aldrich). Thereafter, cells were hybridized with phalloidin-FITC and DAPI for counterstaining. Coverslips were washed and placed, cells face down, onto drops of an anti-fade reagent (from Dako). Samples were examined using a widefield fluorescence microscope (Zeiss). Red dots and nuclei were counted and the number of positive stains per cells was calculated from at least 5 non-overlapping microscope fields. One-way ANOVA with Tukey correction was performed.

### Apoptosis Assays {#sec4.4.10}

Assays were performed using the FITC Annexin V Apoptosis Detection Kit with 7-AAD (from BioLegend) and analyzed using a BD FACSAria Fusion instrument controlled by BD FACS Diva software v8.0.1 (BD Biosciences).

### Colony Formation and Adhesion Assays {#sec4.4.11}

Cells (150-300) were seeded in 6-well plates. Ten days after treatment, cells were washed, fixed in paraformaldehyde (4%) and then stained for 60 minutes with crystal violet. Cells were then photographed using a binocular microscope and analyzed using ImageJ (NIH, USA). For adhesion tests, plates were coated overnight with Cultrex® RGF BME (R&D Systems) and gently washed thereafter (0.1% albumin in medium). RD-ES and TC-71 cells (30,000 cells/well) were allowed to adhere to the substrate for 8 hours at 37°C. CHLA9 cells were seeded in non-coated plates and allowed to attach for 90 minutes. Unattached cells were removed and adherent cells were rinsed, fixed with paraformaldehyde (4%), and quantified after crystal violet staining (0.1%). The optical density was measured at 550 nm.

### Thymidine Incorporation Assay {#sec4.4.12}

Cells were plated onto 24-well plates at a density of 5X10^4^ cells/well, followed by plasmid transfection. Sixteen hours later, cells were replaced with fresh serum-free medium containing ^3^\[H\]-thymidine (1 μCi). After 48 hours, the reaction was terminated by the addition of ice-cold trichloroacetic acid (5%; TCA). Five minutes later, cells were solubilized at 37°C with in 1N NaOH (for 10 minutes) followed by 1N HCL. Samples were collected into scintillation vials containing scintillation fluid. Radioactivity was determined in a scintillation counter. The results shown are representative of experiments performed in quadruplicates, at least twice.

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

All data were analyzed using the Prism Graph pad software. Significance was assessed using two-way ANOVA followed by Dunnett's or Sidak's Multiple Comparison Tests. Some analyses were performed using t test and one-way ANOVA with Tukey's or Dunnett's test (^∗^ p ≤ 0.05; ^∗∗^ p ≤ 0.01; ^∗∗∗^ p ≤ 0.001).

Data and Code Availability {#sec4.6}
--------------------------

The RNA sequencing data generated during this study are available at GEO, accession code GEO: GSE 135229.
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